The germination of rice and corn seeds within the graded moisture range between 11 and 15% was tested after they were fumigated with phosphine and methyl bromide at their different concentrations, exposure times and temperatures.
INTRODUCTION

Fumigants
play an important role for controlling insect pests of grains and other food products during storage because of their efficiency, convenience and economy. Of all the modern fumigants, phosphine and methyl bromide are most widely used in many countries.1) Extensive investigations have been carried out to observe the effect of phosphine and methyl bromide on the germinability of many kinds of crop seeds. And it has been known that phosphine has little or no effect on the viability and that methyl bromide reduces the germination capacity by its phytotoxicity when f umigated.2-14) However, previous experiments were not designed under strictly controlled conditions which could precisely regulate fumigation process. Furthermore, there was no information up to what concentration phosphine could allow the seeds to tolerate. In addition, references to the effects of the fumigants on the viability of rice seeds were limited. Since rice is the staple food in many countries, any information about the quality of the crop would be much of interest.
This experiment was designed under strictly controlled conditions to produce accurate results of 1) the effects of phosphine at extremely high concentrations and of methyl bromide at normal concentrations on the germination of rice and corn seeds, and 2) the ability of both seeds to sorb the fumigants in relation to their viability decline.
MATERIALS AND METHODS
Seed Materials
Rice seeds (Oryza sativa L. Japonica type) and corn seeds (Zea mays L.) were used for both germination and sorption studies. The cultivars and sources of the seeds were: rice of Todorokiwase cultivar obtained from a farmer near Tsukuba, Ibaraki Prefecture, corn of Japanese White Dent Corn cultivar obtained from Takii Seed Co., Ltd., Kyoto. Before the studies were initiated the moisture content of the seeds was adjusted to the desired levels. To lower the moisture below the initial levels, seeds were dried in perforated plastic baskets placed in a forced air oven at 50C for 3 hr at any one time. To raise the moisture higher than the initial levels, seeds were placed in tightly closed plastic crispers with moist paper towels placed on a perforated plastic stand approximately 3 cm above the seeds. In both cases the moisture content of the seeds was checked periodically until the desired levels were obtained.
The moisture content test complied with ISTA's specification. 15' For phosphine fumigation, the moisture content was 11 and 15% in both germination and sorption studies and for methyl bromide fumigation, it was 11, 13 and 15% in the germination study, and 11 and 15% in the sorption study.
Fumigations 1 Phosphine fumigation
Phosphine was generated from Phostoxin pellets (product of Degesch, W. Germany) using the procedures described by Kashi and Bond. ls' Fumigatoria for rice seeds were 300 ml screw top pyrex flasks with Bakelite caps and contained 300 seeds for the germination study and 50 g of seeds for the sorption study. Fumigatoria for corn seeds were 500 ml flasks of the same type and contained 200 seeds for the germination study and 100 g of seeds for the sorption study. An injection port was designed by drilling a 1-cm hole on the top of each cap after the cap lining was removed. The cap was then relined with neoprene rubber to ensure no leakage.
The concentrations of phosphine applied for the germination study were 0, 20, 40, 60, 80, 100 and 200 mg/l for rice seeds and 0, 20, 40, 60 and 80 mg/l for corn seeds. For the sorption study, the concentration was 20 mg/ l for both crop seeds. The fumigation of phosphine was carried out at 30C and 35C for 7 days for the germination study, and at 25C and 35C for 5 days for the sorption study. Each treatment was repeated twice.
2 Methyl bromide fumigation
Liquid methyl bromide of the technical grade (99. 5%) obtained from Sanko Kagaku Co., Ltd. was transferred from the original container to a 40 ml glass vial with a rubber stopper, from which methyl bromide gas was taken. The fumigatoria and the amount of seeds for the methyl bromide fumigation were the same as for the phosphine fumigation except the design of the injection port. A 4. 5-mm hole was drilled on the top of each flask cap without removing the cap lining. Then a silicone rubber septum was tightly put into the hole. The concentrations of methyl bromide applied for the germination study were 0, 1, 2, 3, 4 and 5 mg/ l for rice seeds and 0, 5, 10, 15, 20 and 25 mg/l for corn seeds. For the sorption study, the concentrations were 1, 3 and 5 mg/ l for rice seeds and 5, 10 and 20 mg/l for corn seeds. The fumigation of methyl bromide was carried out at 25C, 30C and 35C for 3 and 5 days for the germination study, and at 25C and 35C for 5 days for the sorption study. Each treatment was repeated twice.
Concentration Determinations
The amount of fumigants injected into the fumigatoria was calculated based on air space after the volume of the seeds was deducted. Injection was done by using a gas syringe (Precision Sampling Co., USA).
1 Phosphine concentration determination
Fifteen minutes after the gas was injected into the fumigatoria, 0. 2 ml of the sample from each f umigatorium was separately transferred to 120 ml glass bottles with injection caps designed as described above. After 15 min, 100 µl of sample from each bottle was injected into a Shimadzu GC-5A gas chromatograph with a flame-photometric detector using 80-100 mesh Porapak type Q packed in a 3. 5 mm X 2 m glass column at 150C with N2 as carrier gas. The concentration was determined on the initial and final days for the germination study, and on the initial day and thereafter at 24-hr intervals for the sorption study until the experiment was terminated.
2 Methyl bromide concentration determination
Fifteen minutes after the gas was injected, 100ul of sample was taken directly from each methyl bromide-treated fumigatorium for determining the concentration. The sample was then injected into the flame ionic detector gas chromatograph using 15% polypropylene glycol 4025 coated on 60-80 mesh chromosorb W packed in a 3. 5 mm X 2 m glass column at 70C with N2 as carrier gas. In both germination and sorption studies the concentration was determined at the same periods used for phosphine.
Germination Test
In both gas fumigations, the germination was tested by applying a paper towel method at the end of each exposure period after the fumigatoria were opened and the seeds were aerated for 2 hr. The procedures followed ISTA's specifications15) except only 2 replications of 100 seeds each was made and a constant temperature of 30C was applied.
RESULTS
Germination Study 1 Phosphine fumigation
The germination of rice and corn seeds of 11 and 15% moisture which were fumigated with phosphine under different conditions is shown in Fig. 1 .
As shown in Fig. 1 , the germination capacity of rice seeds was not impaired when they were exposed to phosphine at high concentrations up to 200 mg/l. Rice seeds with both 11 and 15% moisture maintained their initial viability at both fumigating temperatures of 30C and 35C throughout the 7-day exposure period.
On corn seeds, however, the injurious effect of phosphine was observed when the seeds with 15% moisture content were exposed to over 20 mg/1 at both 30C and 35C. As shown in Fig. 1 , even though the germination percentages of the control were comparatively low, the effect of the fumigant is clear when the relative values* of the control and the treated seeds are compared.
The seeds with 11 % moisture content maintained their relatively high germination capacity at all concentrations and temperatures.
2 Methyl bromide fumigation
Results of the germination tests on rice and corn seeds fumigated with methyl bromide are presented in Figs. 2 and 3 , respectively.
Germination of rice seeds was generally affected by methyl bromide as the moisture content and temperature increased, as shown in Fig. 2 . At 25C, the rice seeds with 11 % moisture content were not more or less affected by methyl bromide until its concentration reached 5 mg/l. However, when the moisture content became 13 and 15%, their germination capacity began to decline detrimentally after fumigation with a dosage of 3 mg/1 for the exposure periods of both 3 and 5 days. At 30C, germinability of the rice seeds with 13 and 15% moisture content was greatly decreased after the methyl bromide fumigation at 3 mg/l for 5 days. Exposed to methyl bromide at the concentration higher than 4 mg/I for 3 and 5 days the seeds with 15% moisture content suffered from drastic damage. No detrimentally harmful effect was observed at all the concentrations applied while moisture content of the seeds remained 11 %. At 35C the rice seeds, whatever the moisture content was, lost their germination capacity after fumigated with methyl bromide, and the moisture content made a big difference to the damage.
Contrary to rice seeds, corn seeds were much more tolerant to methyl bromide, as shown in Fig. 3 . Five mg/l of methyl bromide, which caused heavy damage to rice seeds in most cases, did not generally produce any harmful effect on germination of corn seeds regardless of the moisture content and temperature. However, when the concentration increased higher than 10 mg/I the viability of corn seeds declined similarly to that of rice seeds, which showed a prominent effect when exposed to methyl bromide at higher moisture and at higher temperature.
Sorption Study 1 Sorption of phosphine
Results of the phosphine sorption by rice and corn seeds at 25C and 35C are shown in Figs. 4 and 5, respectively. Corn seeds were found to sorb more phosphine than rice seeds. In both species, seeds with lower moisture content sorbed more phosphine than seeds with higher moisture content at any given temperature, and seeds fumigated at a higher temperature sorbed more fumigants than seeds fumigated at a lower temperature for any given moisture content at the end of 5-day period.
2 Sorption of methyl bromide
Results of the methyl bromide sorption by rice and corn seeds at the fumigating temperatures of 25%C and 35%C are presented in Figs. 6-9. Contrary to the phosphine sorption, rice seeds were found to sorb more methyl bromide than corn seeds. At the end of the 5-day test period the sorption rate of the seeds with higher moisture content was greater than that of the seeds with lower moisture at both 25%C and 35%C. And in general, seeds with the same moisture content sorbed more methyl bromide when fumigated at a higher temperature than at a lower temperature. when their moisture content and fumigating temperature are high as seen in Fig. 1 . At 35C, for instance, differences in the relative values of germination percentages of the treated corn seeds and the control with 15 % moisture content were great in almost every case. This confirms that both high moisture content and high temperature accelerated the injurious effect of phosphine on corn seeds. Compared with phosphine, methyl bromide adversely affected the germination capacity of both rice and corn seeds at lower concentration. Results of this study, which was carried out under strictly controlled conditions, agree with the ones reported by several other investigators. 6-14 The adverse effect of methyl bromide well corresponded to an increase in concentration, moisture content of seeds and temperature.
However, as for the effect of temperature the differences in the results of fumigations at 30C and 35C were greater than those at 25C and 30C. This contrasts with the finding by Strong and Lindgren10 who reported that differences found in the results of 50F and 70F (10C and 21C) f umigations were much greater than those of 70F and 90F (21C and 32C). In many cases differences in the results from 3-and 5-day fumigation of the seeds with the same moisture content at the same application rate and at the same temperature were not great.
It is assumed that different sensitivity of seeds to phosphine fumigation is attributable to their sorption ability. As shown by the results of the germination tests, the viability and sorption ability of rice and corn seeds were inversely proportional. However, under the same conditions, the viability of corn seeds was, with a higher sorption ability, lower than that of rice seeds.
In general, little phosphine residue remained on the substrate. As reported by Vardell et al. 17 ' the highest amount of residues found on soybeans fumigated with phosphine was 0. 04 ppm, which was within the tolerance limit for corn, barley, oats, and rough rice.
The process of phosphine sorption by fumigated substrates was termed chemisorption by Berk18). He stated that the process was irreversible and suggested that phosphine was probably bound with protein and complexed with mineral components of substrates. However, Rauscher et al.19) have demonstrated that the amount of phosphine initially applied could be fully recovered if proper precautions are taken, so that the process is not chemisorption. The authors, however, assume that phosphine sorption at the temperatures used in this study consists of both physical and chemical processes. When the seeds were aerated before the germination test, a portion of the gas which had been physisorbed was desorbed. This may be a sound reason to explain why the germinability of most, if not all, seeds is not affected by phosphine fumigation. Under certain conditions such as high moisture content and high temperature, the concentration of chemisorbed phosphine is not brought up to a level high enough to hamper physiological activities of seeds, as seen in the case of corn seeds with 15% moisture content.
The result that seeds with lower moisture content sorbed more phosphine than ones with higher moisture content is contradictory to that of the germination tests that seeds with higher moisture content were more affected by the fumigants, especially in the case of corn seeds. This phenomenon is not clearly defined. Thus, more extensive and intensive investigations upon phosphine sorption of seeds are awaited.
In both rice and corn seeds methyl bromide sorption became disproportionately greater as the exposure time increased.
However, a proportionate increase in sorption following changes in concentration was more prominent in corn seeds, especially at the end of the test; when the concentration increased twofold, the sorption rate was generally doubled.
Methyl bromide sorption reported here is also likely to be both chemical and physical. As reported by Thompson, 20) methyl bromide residues may be of 2 kinds: unchanged methyl bromide and inorganic bromides produced by the reaction of methyl bromide with substrate constituents. The unchanged methyl bromide is aerated rapidly from most substrates, while the inorganic bromides remain. Price et al. 21) found that fumigation of wheat with methyl bromide brought about certain changes in the water-soluble proteins.
While the proteins were readily methylated, only certain enzymes were affected at the catalytic site. It is, therefore, likely that changes in certain proteins and enzymes are a main cause of the loss of seed's viability.
The results obtained from this experiment clearly show that phosphine did not cause any injurious effects on rice and corn seeds as much as methyl bromide. For insects phosphine is the most toxic fumigant. The difference in the toxicity of methyl bromide and phosphine to rice and corn seeds indicates that phosphine is a selective toxicant. This selectivity probably is due to the difference in metabolic activities of the substrates.
The toxicity of phosphine appears in the respiratory system of insects, and the inhibition is more activated when their 02 consumption is high.22) However, the respiratory rate of seeds, especially that of rice is considerably low. Studies by Kikuchi et al. 23 show that the respiratory rate, expressed as C02 evolved, is only 0. 0009 mg/ hr/g. Such amount is almost invisible when compared to 7. 5 mg/hr/g of C02 evolved by Tribolium confusum. 24 This can be a plausible explanation of the weak effect of phosphine on the viability of seeds.
